(MCs), cyclic heptapeptides produced by cyanobacteria constitute a significant risk to humans. Several bacteria with MCs degradation capability are known, however their practical usage is questionable due to low MC elimination efficiency. As an alternative bacteria with significantly enhanced activity toward these hepatotoxins may be constructed. We have recently presented successful expression of the MlrA enzyme involved in MC biodegradation in E. coli BL21 strain. In this paper preliminary experiments indicating the usefulness of such modified bacteria have been showed. The MC degradation efficiency was monitored by the HPLC detection of linear MC-LR. Immobilization procedure involved the formation of alginate beads with entrapped bacterial cells. The long-term activity of BL21_MlrA in comparison with wild Sphingomonas strain confirmed much higher potential of the modified bacteria. Immobilization in alginate allowed to form beads with high activity toward MC. A column packed with alginate entrapped cells eliminated MC efficiently from contaminated freshwater. These promising results will broaden the perspective of practical application of microorganisms in bioremediation of freshwater.
I. INTRODUCTION
Eutrophication of surface water results in frequent occurrences of toxic cyanobacterial blooms. Certain species of cyanobacteria are capable of producing several different toxins like hepatotoxins, neurotoxins, dermatotoxins and cytotoxins with a broad range of targets; among them hepatotoxic microcystins (MCs) are the predominant cyanotoxins ( Fig. 1) . These cyclic peptides are stable and resistant to chemical hydrolysis or oxidation, even at high temperature [1] or low pH [2] . Toxicological aspects of these toxins, including promotion of liver cancer at low doses, are well known (reviews of Ibelins and Chorus [3] and Funari et al. [4] ). The molecular basis of microcystin toxicity [5] is the inhibition of protein phosphatase type 1 and 2A (PP1 and PP2A) both in animals and in higher plants. This inhibition induces hyperphosphorylation of the cytosolic and cytoskeletal proteins as well as reorganization of intermediate and actin filaments [6] . Liver damage caused by Manuscript MCs leads to hepatic blood pooling and hypovolemic shock and eventually produces lethal effect in mammals [7] , [8] . As MCs constitute a significant risk to people, the World Health Organisation has supplied a provisional guideline value of 1 µg L -1 as the highest acceptable level of microcystin equivalents in drinking water [9] . The persistence of soluble cyanotoxins in water reservoirs during and after bloom has important implications for both recreational and drinking water supplies. The length of time needed for their transformation into nontoxic products affects the level of accumulation in aquatic organisms. This creates a potential risk of toxin transference to humans through the food chain and of adverse health effects due to exposure to this toxin. The ambient concentration of MCs is a function of several different factors such as adsorption to particles (suspended solids and sediments), thermal decomposition aided by pH, accumulation in aquatic plants and animals, photolysis and biodegradation by natural aquatic organisms [10] , [11] . However, the details of these processes as well as the degree to which each of them contributes to MCs concentration reduction remain unknown.
The bacterial degradation pathway of MCs is known relatively well [12] ; several new strains were shown to be capable of hydrolyzing different hepatotoxins in the manner primary described by Bourne et al. [13] . The crucial step in MC detoxification by bacteria is the linearization reaction catalyzed by metalloproteinase called microcystinase (MlrA). Such a decyclization results in a significant reduction of toxicity [14] . The pathway of MC degradation was confirmed independently, with small alteration due to the different strains. However, almost always the first step of MC degradation is its linearization by the MlrA enzyme. Several new bacterial species with broad affiliation were documented to express MlrA homologues. Last year some papers documenting the heterologous expression of Mlr protein were published. Such an approach provides several advantages, due to a much higher production of enzymes in comparison with wild strains (Fig.  2 ). For example, better biochemical characterization of these important enzymes as well as the correction of their role in MCs degradation was possible [14] - [16] . Another option is to investigate the usefulness of such recombinant strains or recombinantly expressed MlrA enzyme in biotechnological application. As the estimated toxicity of linear MCs is drastically lower than of intact MCs, the use of bacteria with the expression of only MlrA enzyme with access to MCs is completely sufficient to abolish cyanobacterial heptapeptide toxicity. It simplifies significantly the development of an efficient biotechnological method for MC removal. In the present paper preliminary experiments indicating the usefulness of a bacterial strain with overexpression of MlrA have been presented. The MC degradation capability of such modified bacteria immobilized by alginate has been tested. Additionally, the efficiency of the proposed system of MC removal from freshwater has been analysed.
II. MATERIALS AND METHODS

A. Bacterial Strains
Sphingomonas sp. ACM-3962, obtained from the Australian Collection of Microorganisms, was cultured in a recommended peptone yeast extract medium (299) at 28 o C for 48 hours. After two days of incubation the cells were centrifuged and washed in PBS buffer. E. coli BL21(DE3) used for expression of recombinant proteins were grown at 37 o C in LB broth supplemented with ampicilin (100 µg mL -1 ).
B. Construction of Recombinant Plasmids and Expression of Recombinant MlrA
The sequence from Sphingomonas sp. coding for MlrA was amplified by PCR using primer pairs described earlier [14] . The amplified fragments were inserted into the pTZ57R/T cloning vector and the sequence was verified. Subsequently, the fragments were inserted into the expression vector pET21a. The resulting plasmid pET21a-mlrA was transformed into E. coli BL21(DE3) and bacteria were plated on LB agar plates supplemented with ampicilin (100 µg mL -1 ).
MlrA activity of the intact Sphingomonas sp. ACM-3962 and E. coli BL21_MlrA cells was measured as described earlier using the HPLC method [14] . The rate of MCs degradation was calculated by monitoring the level of linear MC-LR.
To test the long-term MlrA activity of transformed E. coli, the cells were incubated in LB medium (100 times diluted) for 4 weeks at 20 o C. On days 1, 2, 5, 14 and 21 10 mL of the sample was taken. After centrifugation the cells were resuspended in 1 mL of PBS and the activity toward MC-LR was analysed.
C. Immobilization of E. coli BL2_MlrA and Sphingomonas sp. ACM 3962 on Alginate
To compare the potency of transformed cells to hydrolyse MC, a degradation assays were performed for immobilized E. coli BL21_MlrA cells and Sphingomonas sp. ACM 3962 as natural, non-modified cells. 40 mL of freshly cultured bacteria (18h-and 48h-old-culture, respectively, OD 600 ≈ 3.0) were centrifuged and resuspended in 2 mL of 50 mM phosphate buffer, pH = 7.0. The cell suspension was mixed with 60 mg of slowly added sodium alginate. It was next dropped into 5% CaCl 2 to obtain beads of approximately 1 mm in diameter which were then incubated in CaCl 2 for half an hour at 5 o C. If more immobilized bacteria needed the procedure was scale-up proportionally. To compare the ability of the immobilized cells to hydrolyse MC with the activity of intact cells, 10 mL of bacterial culture were centrifuged, resuspended in 0.5 mL of phosphate buffer and incubated with MC-LR. After 1 h the cells were centrifuged and the reaction was stopped by the addition of trifluoroacetic acid. Such a control assay allowed to calculate the efficiency of immobilization.
D. Degradation of MC-LR in the Column Packed with Alginate Entrapped Cells
A simple system of water treatment was designed to perform the removal assay of environmentally relevant concentration of MC (Fig. 3) . The main part of such bioreactor was a 10 mm diameter glass column filled with the beads which formed a 20 mm high layer. In the column packed in this way the void volume was 0.6 mL. The constant flow of MC-LR solution (0.5 mL min -1 ) resulted in 1.2 min of direct contact between the toxin and the alginate beads. 
III. RESULTS
It was indicated previously that whole cells of E. coli BL21_MlrA exhibited approximately 250 times higher MlrA activity than Sphingomonas cells [14] . Furthermore, the use of IPTG to induct the MlrA expression in BL21_MlrA was not necessary, because the cells with and without induction exhibited a similar level of activity toward MC-LR (data not presented). For this reason the cultivation of BL21_MlrA in the future experiments described below was performed without IPTG induction. During long incubation of bacteria the activity was the highest on 1st day and then decreased drastically over 4 days. However, after 3 and 4 weeks 16 % of the initial activity was still noticable (Fig. 4A) . The formation of alginate beads with immobilized BL21_MlrA bacteria resulted in a significant loss of MlrA activity in comparison with the cell solution (approximately 90%). Nevertheless, the beads were still capable of MC-LR degradation and such potency was high during 3 weeks of incubation (Fig. 4B) , the capability of MC degradation on day 23 was 28.6 times higher than the initial activity of the immobilized Sphingomonas sp. cells (Fig. 4C) .
A simple bioreactor constructed as shown on Fig. 3  allowed to 
IV. DISCUSSION
So far, the proposed biotechnological systems for the removal of cyanotoxins have assumed the use of naturally occurring bacterial strains. Several experiments indicated that biologically active filters (granular activated carbon and sand) may be an attractive water treatment option [17] - [19] . It has been documented that MC removal in this system is not only due to physical processes but mainly to biological degradation. Such filtration systems are based on undefined microorganisms collected from raw freshwater. A different pilot-scale study was performed by Bourne et al. [20] and Tsuji et al. [21] who proposed systems with immobilized bacteria belonging to Sphingomonas with known biodegradation activity. In the work of Bourne et al. [20] an individual slow sand filter column was constructed of a sand bed with defined size and a PVC cartridge to avoid algal growth. Filters were inoculated with a Sphingomonas strain (population of 5 x 10 8 cells, in a volume of 10 mL). The documented MC degradation was 80% within 2 days. In the system proposed by Tsuji et al. [21] , the bacterial strain Sphingomonas sp. B-9 was immobilized on polyester in a continuous bioreactor (cell density 7.9 x 10 6 cells mL -1 ). The removal capability of over 80% MC continued for almost 2 months. After comparing the volume of the bioreactors and C B International Journal of Environmental Science and Development, Vol. 4, No. 4, August 2013 unification of this size to 1L, the efficiency of these systems was 1.32 µg h -1 L -1 [20] and 7.50 µg h -1 L -1 [21] . This calculation indicates, due to the low MC degradation rate, that the systems offer low efficiency and their use in fast filtration of large amount of water contaminated with MCs is questionable.
A possible solution of these problems may be a significant increase of in the MC degradation potency of the used systems through utilisation of genetically engineered microorganisms. In this manuscript the modified E. coli BL21 strain with high MC-degradation potency was proposed as an alternative source of MC-degrading microorganism which may be employed in the bioremediation process.
Despite significant reduction of MlrA activity within 4 weeks BL21_MlrA cells still indicated high potency to decompose MCs. Similarly, the immobilized cells may also express relatively high MlrA activity for a few weeks ( Fig. 3  A and B) . Such potency makes the modified strain a promising alternative in comparison with wild strains.
In the present paper a new option of MC-degrading bacteria immobilization has been proposed. Gel entrapment in natural polysaccharide matrixes is the most widely used immobilization technique for microorganisms [22] . Among them, alginate is commonly employed. A huge advantage of alginate gel entrapment is that immobilization is relatively gentle and cells are not exposed to extreme physical-chemical conditions. Additionally, no toxicity, good permeability and transparency of formed beads provide beneficial structure for cells in the context of their expected activity [22] . Our preliminary experiments indicated that BL21_MlrA cells can be immobilized in alginate successfully. The obtained alginate beads packed in a narrow column ( Fig. 3 ) allowed to eliminate MC-LR from the solution very quickly which is extremely important in the context of possible practical application. In comparison with the bioreactor based on immobilization of wild strains [20] , [21] the efficiency of MC degradation was 75 and 13 times higher, respectively ( Fig. 5 ]. The initial cellular concentration needs to be optimized because it is a very important parameter; higher initial cellular density should result in the higher final MC-degradation ability. Similarly, some other parameters have to be optimized e.g. the proportion of cells and alginate or the length of the column. It is expected that in a longer column the complete MC removal will take place. Nevertheless, promising MC degradation capacity of environmentally relevant toxin concentrations indicates a high potential of such inexpensive infrastructure and the advantages of using modified bacteria for bioremediation applications.
V. CONCLUSION
In this study some original ideas were tested: 1) the usefulness of genetically modified bacteria in microcystin degradation; 2) the activity of alginate entrapped bacteria toward MCs; 3) the efficiency of a column packed with such immobilized cells during constant flow of MC contaminated freshwater. The results indicate that modified bacteria with high MlrA activity may be also active toward MC when immobilized in alginate beads. In the next step possible application of such a constructed system should be tested in details.
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